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We present a 3D graphical system that allows users
to visualize different penetration path hypotheses for
(multiple) gunshot or stab wounds, using a 3D graph-
ical model ofa human body with appropriate anatom-
ical structures. The system also identifies the anatom-
ical structures associated with each hypothesis. The
various penetration path hypothesesfollowfrom a com-
binatorial analysis of the set of surface wounds. The
affected structures are determined by performing a de-
tailed interpenetration analysis between 3D models
of a penetration path and each anatomical structure
within the body.

INTRODUCTION

In penetrating trauma, injuries generally follow from
organ penetration. To determine the type and mag-
nitude of injuries, physicians use their knowledge of
human anatomy in connection with the patient's vital
signs and symptoms. In the case of ballistic injuries,
the presence of multiple entry and exit wounds often
makes this a difficult task, as many different pairings
are possible. The goal of this work is to present in a
cognitively useful way, the penetration path hypothe-
ses for a set of gunshot wounds, thereby guiding the
physician to an initial differential diagnosis.
For any given pair of wounds, we define the wound
path space as the space of possible trajectories from
one wound to the other. A penetration path hypothesis
may consist of one or more wound path spaces, depend-
ing on the number of wounds. This paper addresses
the problems of determining and displaying the wound
path spaces within the body, calculating all the possible
pairings in the case of multiple gunshot wounds, and
establishing which anatomical structures are affected
for each wound path space. In determining the wound
path space for a set of gunshot wounds, it is assumed
that penetration paths for bullets follow a continuous
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line. As the goal of this approach is to present an initial
space of likely trajectories rather than consider the en-
tire space of possibilities, ballistic characteristics such
as bullet type and velocity, and events such as bullet
ricochet are not considered in generating the penetra-
tion path hypotheses.
By exploring and displaying all the path and injured or-
gan possibilities for a given set of injuries, the system
provides a means for medical professionals to visualize
the anatomy involved. This can help to clarify misun-
derstandings and eliminate from initial consideration
those possibilities that would require more complex
causal mechanisms to explain.
We provide several ways of visualizing penetration
paths and anatomical structures, including external per-
spectives, as well as through-body navigation. These
can serve to enhance the study of anatomy, as Satava1
has noted:

these extraordinary perspectives impart a
deeper understanding and appreciation of
the interrelationship of anatomical structure
which cannot be achieved by any other
means, including cadaveric dissection.

The organs, skeleton, and skin for the body are dis-
played using JackTM and are presented as 3D figures
formed from polygonal surface models. These models
were developed at Viewpoint DataLabs and come in
different resolutions.

To illustrate what the problem of generating all pene-
tration path hypotheses in the face of multiple gunshot
wounds entails, we start with the scenario given in the
example below.

EXAMPLE

Consider a patient presenting with four external
wounds to the chest: two anterior (left and right) and
two posterior (left and right). If we assume that these
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(a) (b) (c)

Figure 1: Three hypotheses for two through wounds

correspond to two through wounds *, i.e., the person
was shot twice and each bullet entered and exited the
body, there are three possible hypotheses (Figure 1):
(a) the left anterior wound and the left posterior wound
are part of the same wound track, similarly for the right
side (the wound tracks are parallel); (b) the left ante-
rior wound and the right posterior wound are part of
the same wound track, and the right anterior and left
posterior wounds belong to the same wound track (i.e.,
the wound tracks cross); (c) the left anterior wound and
the right anterior wound are part of the same wound
track, similarly for the left and right posterior wounds.
These three hypotheses yield markedly different poten-
tial consequences for a patient. The third would result
in mainly superficial injuries whereas in the first case
there would be the danger of injury to the lungs, and
in the second there would be danger of injury to the
lungs, heart and major blood vessels. Figure 1 is just a
2D schematic; the system we describe below exploits
full 3D reasoning and visualization.

PENETRATION PATH ASSESSMENT

There are two steps involved in assessing a penetration
path. First, the wound path spaces corresponding to
external wounds and possibly internal bullets are com-
puted. Next, an interpenetration analysis is performed
between each wound path space and the anatomical
structures in the body.

Wound Path Space Configurations

Currently, gunshot and stab wounds are treated uni-
formly when analyzing the extent of direct damage
and anatomical (structural) alteration that results from
them. Wounds are generated in the graphical system
by using the mouse to click on a desired location on the
surface of a rotatable 3D body model. As suggested
by Karpf2, we identify a wound path space within the
body, emanating from the area of contact on the body
surface, as the region ofspace within which the anatom-
ical parts may be affected by the wound.
Gunshot and stab wounds have different wound path
spaces corresponding to different regions of uncer-
tainty. For gunshot wounds, the wound path space is

* Note that other possibilities include the presence of one or more
bullets lodged in the body.

represented by two cones joined at their bases. The
apices are positioned at the external wounds or at
known bullet locations. Thus the greatest uncertainty
in any continuous line trajectory corresponds to the area
at the adjoining bases of the cones. For stab wounds,
the wound path space is represented by a truncated
cone, corresponding to uncertainty in the direction of
the blade. The wound path space may be adapted to fit
a more specific weapon profile.
Stab wounds are straightforward because we need only
consider a single wound path space, originating at
the external injury. Gunshot wounds, on the other
hand, present difficulties because all possible external
wound-to-bullet and external wound-to-wound pair-
ings must be determined. In cases of external gunshot
injuries, we are faced with different hypotheses about
the possible wound path spaces of the projectile(s).
The physician will have to determine which, if any of
the competing hypotheses is most accurate, based on
additional evidence such as test and roentgenographic
results. Each hypothesis represents one configuration
of pairings for all the known gunshot wounds. In the
appendix, we discuss the combinatorics in detail.

Wound Assessment

Once we have computed the set of possible wound
path spaces, we move on to assess the impact of the
different hypotheses. For each hypothesis, we use our
static, geometric, anatomical model based on JackTM
to determine the anatomical parts that may have been
affected based on that configuration of wound path
spaces.
The wound path spaces for gunshot wounds are de-
picted graphically in JackTM as two conjoined cones.
The geometric representations of the wound path
spaces and anatomical structures consist of several (in
some cases, hundreds) polygonal surfaces which are
combined to form a 3D figure. To reduce computa-
tion, the anatomical structures that lie in each wound
path are found in two steps. The first one involves
the use of bounding box intersections and the second,
intersections of the polygonal surfaces that make up
the geometric representations of the anatomical struc-
tures and the wound path spaces. The first step is a
quick way of reducing the set of objects that need to be
considered in more detail in the second, more compu-
tationally intensive step.
In the first step, the smallest axis-aligned paral-
lelepipeds (bounding boxes) that enclose each relevant
anatomical structure and each set of conjoined cones
(representing the wound path space) within the body
is computed. Figure 2 gives bounding boxes for a di-
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enlarged as desired, and organs can be displayed as
shaded objects or in wireframe. Figure 3 shows both a
lateral and anterior view of the body, with the wound
path spaces, skeleton and abdominal organs displayed
as shaded objects, and the lungs, heart, diaphragm, etc.,
displayed in wireframe.
The text output for the hypothesis in Figure 3 is:

Figure 2: A diaphragm and a wound path space repre-
sentation and their bounding boxes

aphragm and wound path space cones. The vertices of
each bounding box for the wound path cones are then
compared with the vertices of the bounding boxes for
the anatomical structures of the body. If the vertex of
one bounding box lies within the other bounding box,
the figures enclosed by these boxes are said to be can-
didates for intersection. All anatomical structures that
are determined to intersect the bullet path cones in this
step are stored for the next step. Since bounding boxes
give at best a rough estimate of the actual shape and
size of a figure, the first step may yield false positives
(i.e., detect bounding box intersections in cases where
the actual structures enclosed by these boxes are not
intersecting). Note for example, that the bounding box
for the diaphragm is much larger than the actual figure,
due to its concavity, and as a result, bounding box in-
tersection computations involving the diaphragm may
yield false positives. The first step will not omit from
further consideration any organs that could have been
hit on a continuous line path.
In the second step, to find out which anatomical struc-
tures lie within a wound path space precisely, we per-
form another set of checks using the candidates from
the first step. In this step, all the faces and edges of the
polygonal surfaces that form the geometry of the inter-
section candidates are examined for intersection with
the faces and edges of the wound path cones. For each
candidate, the second step determines whether any of
its edges intersects with any of the faces of the wound
path cones (and vice versa). If so, the anatomical struc-
ture is determined to be in the path of the bullet. Since
every object in a JackTM environment has a unique
name, the names of those anatomical structures deter-
mined to be in a particular bullet path can be displayed.

'INTERACTIVE' EXAMPLE

Figure 3 shows one penetration path hypothesis for
two through wounds (JackTM displays are in color
- Figure 3 corresponds to a black and white screen
dump). Because anterior and posterior wounds are
matched left and right, this is similar to case (a) of
Figure 1. The body can be rotated, translated and

Computing intersections for
bullet path #1

Skeleton parts in path: lcartilage5
Skeleton parts in path: lcartilage6
Organs in path: heart
Organs in path: lungs
Organs in path: diaph
Skeleton parts in path: lribll

Computing intersections for
bullet path #2

Skeleton parts in path: rcartilage5
Skeleton parts in path: rcartilage6
Organs in path: lungs
Organs in path: diaph
Organs in path: liver

Each anatomical structure referred to in the text output
is highlighted in the graphics window at the same time
that the text is generated. At the present time, the
anatomical structures in a path are listed in anterior to
posterior order. In the future, we will list them in order
of importance.

PREVIOUS WORK

Karpf's work on model-based penetration path calcu-
lations forms the basis of much of the work presented
in this paper. He creates a 3D model of the torso in
order to reason about which organs are affected by gun-
shot wounds, bullet paths, and matching entry and exit
wounds.
Wind, Finley and Rich3 present a method for determin-
ing penetration paths as follows. They break the body
space up into cubes and assign properties such as tissue
density, etc. to each cube depending on the material
properties of the anatomical structures in the space sur-
rounded by the cube. Then, followingphysical laws for
energy dissipation, their approach simulates the path of
the bullet. From the results of a Monte Carlo simula-
tion, they take the expectation as the likely path.
Eisler et al4 proposal to enhance procedures for estimat-
ing incapacitation from penetrating wounds (bullets,
flechettes and bomb fragments) and improve existing
analysis of wound tracts and penetration depth. They
calculate penetration path depths using retardation al-
gorithms.
Fackler, Bellamy, and Malinowski5 discuss missile-
tissue interaction, and give examples of cavitation
caused by different shells. They identify the primary
issues to be considered for potential tissue disruption
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Figure 3: Lateral and anterior views of a penetration path hypothesis with two through wounds

as: (1) the penetration depth of the projectile; (2) the
size of hole it makes; and (3) any unusual deviations in
the direction of the projectile's course through tissue.

CONCLUSION

Anatomical knowledge is critical for emergency physi-
cians and their students to assess possible organ in-
volvement based on penetration paths. This project
seeks to assist them, with a 3D anatomical model that
the user may freely orient, in visualizing which organs
may have been injured as a result of gunshot and stab
wounds. In generating possible hypotheses for gunshot
wounds, we have introduced the idea of considering the
woundpath space, or the space of possible trajectories
given a starting and ending point, as opposed to trying
to identify or recreate the specific trajectory.
The system presented has potential emergency room
applicability. Attending physicians can obtain the sys-
tem's penetration path analysis and a list of the anatom-
ical structures affected at the same time that roentgeno-
graphic information is made available to them.

Another application for the system is in assisting di-
agnostic programs like TraumAID6 in improving their
geometric and anatomical reasoning.
We have discussed our preliminary results and meth-
ods. We are developing this tool as an aid to physicians

and students-as a concrete visual image upon which
to focus subsequent diagnosis.

APPENDIX: COMBINATORICS

This section discusses the number of different injury
hypotheses, given one or more gunshot wounds.

With one external wound, there is only one possibilty:
a path between the external wound and a bullet retained
within the body. With two gunshot wounds, there is
only one pairing, that is a match between two external
wounds (a through wound) and two possible matches
between an entry wound to known bullet (we call a
'single-entry wound'). The number of hypotheses-
each a set of pairings where each external gunshot
wound appears in exactly one pairing and each known
bullet (if any) appears in exactly one pairing-is thus
small.
If we know that there are i through wounds, then the
number of ways of choosing a set of external wound
pairings is

i-H n -2mflm=O V 2 (

i! (1)
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(we assume that fHI lo f(x) = 1 when i < 1). With
through wounds and n gunshot wounds, there are

n - 2i single-entry wounds which also means there
are n - 2i bullets. If we don't know which bullets
match which entry wounds, we need to consider all
possible permutations (n - 2i)!. As the number of
bullets increases, this term becomes very large.

The number of hypotheses, given i through wounds, is

H-7 ( n 2m

i! (n - 2i)! (2)

Equivalently, we can compute the number of through
wounds if we're given the total number of bullets b,
namely i n- To see how quickly this grows, con-
sider some values:

n b=0 b=1 b=2 b=3 b=4 b=5
3 3 6
4 3 12 24
5 115 60 1120

(3)

If we don't know how many through wounds or total
bullets there are, we could sum the results from i = 0
to i = Ln/2J to compute this value, where n is the
number of gunshot wounds:

Ln/21 FIm=O ( 2 )E i! (n-2i)! (4)
i=o

This results in

n = 2 n =3 n=4 |n=5 |n=6 |
3 9 39 195 1185 (

Left unconstrained, there are obviously a great number
of possible hypotheses. For that reason, we need to de-
velop methods to assist in filtering highly-implausible
pairings.
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